ABSTRACT
INTRODUCTION
Flow cytometry provides a rapid method to phenotype and characterize subpopulations of cells for a variety of research and clinical applications. There is a wide range of fluorochromeconjugated monoclonal antibodies and fluorescent probes that are available for the analysis of numerous antigens that define cell type and function in many diverse applications including the clinical diagnoses of disease states (10, 12) , bone marrow progenitor cell isolation (11) , ion flux measurements (14, 17) , nucleic acid quantitation (16) , cell migration (2) and metabolic activation (1) . These fluorescent reagents exhibit a variety of excitation and emission maxima, which allows the selection of a combination of fluorochromes to complement the optical configuration of individual flow cytometers for the purpose of multicolor flow cytometric analyses. The selection of fluorochromes that can be used for multicolor flow cytometry is limited by several factors including the excitation wavelengths available, optical filters, the number and configuration of optical detectors and the availability of the appropriate fluorochrome conjugates.
Fluorescent particles provide a versatile alternative to the more conventional fluorochrome-antibody or fluorochrome-ligand/receptor systems for the detection of cellular antigens. These uniform particles are available with a wide range of excitation and emission wavelengths and typically display a bright, homogeneous fluorescence signal. Fluorescent particles have been used for instrumentation calibration (15) , cell-surface antigen detection (7, 8) , cell migration (19) and quantitation of phagocytic cell function (4, 5, 9) . Furthermore, monoclonal antibodies can be conjugated to the fluorescent particles and then subsequently used in combination with other direct antibody conjugates or with indirect reagents such as biotin/streptavidin systems.
This report illustrates the use of SKY BLUE fluorospheres (emission at 730 nm) for the detection of cell-surface antigens by flow cytometry. We describe an optical configuration used to resolve and optimize the fluorescence signal of SKY BLUE in a multicolor immunofluorescence protocol and demonstrate the use of antibodyconjugated fluorospheres (ACF) with standard immunofluorescence reagents in a new protocol that allows the simultaneous detection of six cell-surface antigens on murine leukocytes. SKY BLUE-CD11b ACF identified the macrophages, while the five remaining fluorescence signals were used to detect Class II (IA), THY1.2 (CD90, T cell), L3T4 (CD4, helper/inducer Tcell), LYT2 (CD8a, cytotoxic/suppressor T cell) and B220 (CD45R, B cell) as described previously (3) . All experiments, including simultaneous six-color immunofluorescence, were performed using commercially available reagents on a FACS Vantage ™cell sorter with minor instrument modifications and without the use of cross-laser compensation.
MATERIALS AND METHODS

Spleen Cell Preparation
The method for preparing singlecell suspensions from mouse spleen has been described previously (3) . Spleen cells were harvested, washed and resuspended to a concentration of 1 ×10 7 cells/mL.
Fluorospheres and Fluorescent Reagents
The SKY BLUE fluorospheres (0.45 and 2.08 µ m in diameter) were purchased from Spherotech (Libertyville, IL, USA). The monoclonal antibodies L3T4-PE and THY1.2-Biotin were obtained from Becton Dickinson Immunocytometry Systems (B.D.I.S.) (San Jose, CA, USA); IAd-FITC, LYT2-APC and Fc-Block were from Pharmingen (San Diego, CA, USA); B220-RED613 was from Life Technologies (Gaithersburg, MD, USA) and the purified CD11b was from Devaron, (Dayton, NJ, USA). The streptavidin-Cascade Blue ® (CB) was purchased from Molecular Probes (Eugene, OR, USA).
Flow Cytometric Analysis of the SKY BLUE Fluorospheres
The instrumentation used in these studies was a dual-laser, triple-beam 
Conjugation of the Fluorospheres with Monoclonal Antibodies
The fluorospheres were conjugated to monoclonal antibodies by passive adsorption. Briefly, 300 µ L of 2.08 µ m SKY BLUE fluorospheres (1% wt/vol) Vol. 21, No. 3 (1996) BioTechniques 499 were added to 100 µ L of CD11b (1 mg/ mL) and 1.6 mL phosphate buffer (0.1 M, pH 7.0); 250 µ L of 0.45-µ m SKY BLUE fluorospheres (1% wt/vol) were added to 200 µ L of CD11b (1 mg/mL) and 1.55 mL phosphate buffer. The fluorosphere-antibody mixtures were vortex mixed and incubated for 60 min at room temperature (rt). After centrifugation at 3000 ×gfor 15 min, the ACF were washed 2 × in 4 mL of phosphatebuffered saline (PBS) and incubated as above in 2 mL PBS containing 10% fetal bovine serum (FBS). After this time, the ACF were washed 2 ×in PBS, resuspended in 4 mL of PBS (0.25% wt/ vol) solution and stored at 4°C in the dark.
Six-Color Immunofluorescence
SKY BLUE ACF were also used for the simultaneous detection of six cell-surface antigens by six-color immunofluorescence. Cells were stained with the following monoclonal antibodies as single-color controls, a fivecolor sample (without ACF) and as a six-color sample: IAd-FITC (10 µ L of 1:10 dilution), L3T4-PE (4 µ L), THY1.2-Biotin (4 µ L), LYT2-APC (10 µ L) and B220-RED613 (10 µ L of a 1:25 dilution). After all volumes were equalized with PBS-FCS, the cells were incubated for 30 min at 4°C. Subsequently, these cells were washed, incubated with streptavidin-CB (10 µ L of a 1:10 dilution) and/or CD11b-SKY BLUE (50 µ L) for 30 min, washed and fixed in 1% paraformaldehyde. Isotypic control antibodies, streptavidin-CB or serum-adsorbed SKY BLUE particles were added as nonspecific binding controls.
Instrument Settings
For six-color immunofluorescence analysis, the SKY BLUE fluorescence signal was collected instead of side 
Data Analysis
For each sample, 50 000 events were collected in listmode using LYSYS ™II or CELLQUEST and analyzed with CELLQUEST and ATTRACTORS (B.D.I.S.). Cells were gated on a histogram of forward scatter (FSC) and from a 2-parameter dot plot of FSC vs. SKY BLUE (FL6).
RESULTS
Analysis of SKY BLUE Fluorospheres by Flow Cytometry
Flow cytometric analysis of unconjugated SKY BLUE fluorospheres demonstrated that the fluorescence emission signal (730 nm) was resolved from those of the FITC and PE Cali -BRITE beads. In addition, the fluorescence signals of the SKY BLUE fluorospheres (collected as FL4) and APC alignment beads (collected as FL5) were clearly resolved with the 680 SPDi, with compensation settings of FL4 -%FL5 = 39.8% and FL5 -%FL4 = 25.6% (not shown).
Use of SKY BLUE ACF for Six-Color Immunofluorescence
To perform six-color immunofluorescence analysis, the SKY BLUE fluorescence signal, designated as FL6, was collected in place of the SSC parameter (Figure 1 ). The 8/90 beam splitter was replaced with a 680 SPDi (1/2 mirror), which reflected the SKY BLUE signal and transmitted the APC (FL5) and CB (FL4) signals. Lightscatter analysis indicated that CD11b ACF(+) cells exhibited an increase in the SSC (granularity) parameter. Examination by light microscopy indicated that variable numbers of fluorospheres were attached to the surface of cells (not shown). These cells also exhibited a heterogeneous pattern of fluorescence, which supports the light microscopy findings. In order to ensure that the ACF signal was true fluorescence and not the result of increased laser scatter described above, a mixture of 2.08-µ m SKY BLUE fluorospheres and 6.6-µ m CaliBRITE beads was analyzed. CaliBRITE beads were identi500BioTechniques
Vol. 21, No. 3 (1996) fied by their greater FSC and the SKY BLUE particles were resolved from CaliBRITE beads on the basis of FL6 fluorescence (not shown).
In six-color analysis, macrophages were identified in a spleen cell preparation using CD11b-SKY BLUE ACF. Leukocytes gated on FSC were shown to contain 6.6% CD11b(+) cells by a single-parameter histogram of FL6 and from a 2-dimensional dotplot of FSC vs. FL6 (Figure 2) . Comparison of results from single-color, five-color and six-color analyses indicated that the percentages of cells expressing THY-1.2, L3T4, LYT2, B220 and IAd (class II major histocompatibility complex [MHC] antigen) were similar (differing by only 2%-6% in all cases). AT -TRACTORS analysis software was used to show the clear resolution of SKY BLUE from the other five fluorescence signals. The CD11b(+) and CD11b(-) cells were identified from a plot of FSC vs. FL6, and their positions on 2-dimensional dot plots can be seen in Figure 3A . The fluorescence from the SKY BLUE-positive cells was also detected above background fluorescence in FL1, FL4 and FL5 channels. However, gating on CD11b-SKY BLUE(-) cells eliminated this overlapping population and thus allowed quantitation of the various lymphocyte subpopulations ( Figure 3B) . Analysis of the CD11b-ACF(+) cells indicated that there was minimal contamination by B220 (9%) or THY1.2 (3%) positive cells (0.6% and 0.2% of total cells, respectively; Figure 3A ).
DISCUSSION
In multicolor flow cytometric analysis, the ability to spectrally resolve the fluorescence signals limits the number of combinations of fluorochromes that may be used simultaneously. Recently, we described a simultaneous five-color protocol that utilized Cascade Blue and APC (excited with UV and 647-nm laser lines with emissions at 425 nm and 670 nm, respectively) which were well resolved from FITC, PE and RED613 signals (3) . An extension of this protocol would require a sixth fluorochrome that could be excited with one of the available laser lines and be spectrally resolved from the other fluorescence signals. Six-color immunofluorescence has been proposed previously (18) , and the problems associated with such a protocol have been addressed (13) . Based on this information and our own experience (3), there were two important considerations for selecting the reagent for the sixth color. First, it was realized that the range of the fluorescence emission spectrum for the five initial fluorochromes was somewhat "congested", and the use of other commercially available dyes would result in significant spectral overlap. Second, it was necessary that the configuration of the sixth fluorochrome be in the form of a direct conjugate or a unique ligand/ligand indirect system, since the protocol already included one two-step biotin/streptavidin system (CB) and the use of a secondary antibody could produce problems with cross-reactivity.
Fluorescent microspheres have been used previously to characterize surface antigen expression and cellular functions (4, 5, (7) (8) (9) . Historically, these microspheres were used in place of FITC, PE, etc., because the emission maxima were similar to these dyes. More recently, fluorescent particles have been produced with emission wavelengths that are distinct from the more frequently used fluorochromes. The surface chemistry of these fluorescent polystyrene spheres allows for the passive adsorption of monoclonal antibodies, which can then be used as direct conjugate reagents in immunofluorescence assays. The potential use of these conjugates increases the versatility of monoclonal antibodies that are available only in purified form or conjugated to a limited number of fluorochromes. The application of these highly fluorescent microspheres may be particularly important for the detection of low-density cell-surface antigens or for use with monoclonal antibodies having low affinity towards cell-surface antigens.
This report describes the use of SKY BLUE fluorospheres whose fluorescence signal was shown to be resolved from that of FITC-, PE-and APC-labeled beads. The resolution of fluorescence emission signals from SKY BLUE and APC is an important finding, since it demonstrates that the 647-nm line from the Spectrum laser, as shown here (or a 633-nm line from the HeNe), can now be used to collect two fluorescence parameters simultaneously.
The CD11b-ACF(+) cells exhibited some heterogeneity in fluorescence, which indicated that the binding of ACF was variable. This heterogeneity in fluorescence was due to different numbers of ACF binding to cells, as seen by microscopy, and the discrete fluorescence intensity of emission for each fluorophore. However, the variable binding did not affect the specificity of CD11b-ACF, which was confirmed by multicolor immunofluorescence. Results from light-scatter 502BioTechniques
Vol. 21, No. 3 (1996) In the six-color protocol, the SKY BLUE-ACF (CD11b) signal was collected as FL6 in the SSC position. The SKY BLUE-ACF (+) cells (macrophages) were then excluded by gating, allowing for the analysis of T-a nd Bcell surface antigens on CD11b(-) cells alone. This procedure provides an accurate method to eliminate the macrophage cell population using a phenotypic gate rather than light-scatter properties alone and also conserves a parameter that could be used for the analysis of leukocytes. The spectral overlap of the SKY BLUE signal with FITC, CB (minimal excitation by 488 and UV) and APC may prevent the use of this fluorosphere for the positive selection of cells. However, preliminary evidence suggests that this spectral overlapcan be minimized by using smaller microspheres that emit a lower fluorescence intensity. On the other hand, these fluorospheres can clearly be used for positive phenotypic analysis with various combinations of fluorochromes including PE, RED613 and CB.
In summary, we have successfully used a combination of conventional fluorochrome-conjugated monoclonal antibodies and antibody-conjugated fluorescent microspheres to measure six different cell-surface antigens simultaneously on murine spleen cells by sixcolor immunofluorescence. Only minor instrument modifications were required and included a simple set of custom optics designed for resolution and collection of six fluorescence signals without cross-laser compensation. Presently, we are investigating the use of the fluorescent microspheres in other flow cytometric protocols such as in situ hybridization and intracellular protein determination. Continued advancements in the acquisition of multicolor immunofluorescence data and in the ability to compensate combinations of fluorescence signals generated from different lasers will undoubtedly facilitate the use of a wide range of fluorochromes and fluorescent probes in current and future applications of flow cytometry.
